SUPPORTING BRIDGEMANAGEMENT
WITH ADVANCED ANALYSIS AND
MACHINE LEARNING

Principal Investigator: Joshua S. Steelman, PIRIE,
Graduate Research Assistant: Franc{Saccia

Department of Civil and Environmentahgineering
University ofNebraskalincoln
900 N. 16thStreet
Nebraska HalW181
PO Box880531
Lincoln, NE685880531

SO TUTmMmIur >»zZ2"mT

Sponsoredy
Nebraska Department of Transportation and U.S. Departmenof
Transportation Federal Highway Administration

September 12020

N E B R/\\S l/\/A\ N B\JIVERSITY]OF
Good Life. Great Journey. e ras x
Lincoln

DEPARTMENT OF TRANSPORTATION



TECHNICAL REPORT DO CUMENTATION PAGE

1. ReportNo. 2. Government AccessioiNo. 3. RecipieNotds Cat
SPR1(19)M088

4. Title and Subtitle 5. ReportDate

Supporting Bridge Management with Advanced Analysis and Matleiaming September 12020

6. Performing Organization Code

7.Author(s) 8. Performing Organization ReportNo.
Joshua Steelman, Franciggarcia

9. Performing Organization Name andAddress 10. Work Unit No.

Department of Civil and Environmentahgineering

University ofNebraskaLincoln 11.Contract

900 N. 16thStreet SPR1(19)M088

Nebraska HalWw181
PO Box880531
Lincoln, NE685880531

12. Sponsoring Agency Name andddress 13. Type of Report and PeriodCovered
Nebraska Department @fansportation Final Report

Researclsection July 2018August2020

1400 Hwy2 14. Sponsoring Agencyode

Lincoln, NE68502

15. SupplementaryNotes

16. Abstract

A supplemental Artificial Neural Network (ANMN)ased tool was developed to support the Nebraska Departhent
TransportatiofNDOT) in optimizingbridgemanagmentinvestmentsvhenchoosingbetweerrefinedmodeling field testing,
retrofitting, or bridgeeplacement. Load ratings typically increase by approximately 15% to 20% when using dieitéled
element analysis (FEA) instead of AASHTO approximate aisaigsthods. The ANN tool is implemented inExcel
spreadshedb accepteninputparameterseadilyavailableto NDOT engineerperformingtypical loadratings,andpredictsFEA-
equivalentritical girderdistributionfactors(GDFs),removingunnecesary conservativisnfrom approximatéAASHTO GDFs,
potentially justifying load postingemoval for existing bridges, and enabling more optimized design for new constri¢teon.
Exceltool outputsdirect ANN-predictedGDFsandadjustedGDFspenalizedo accaintfor ANN errorby reliability calibration
philosophicallyconsistentvith AASHTO LoadandResistanc&actorRating. The studyincludeddetailedFEA for 174simple
span steelgirderbridgeswith concretedecks.Subsetof 163and161bridgeswithin thes availablecasecomprisedhe ANN
designandtrainingdataset$or critical momentandshealive load effects,respectivelyThereliability calibrationfoundthatthe
ANN live load effect prediction error with mean absolute independent testing eB@586 could beonservatively
accommodatebly increasinghelive loadfactorby lessthan0.05.The studyalsodemonstrateapplicationof theneuralnetwork
modelvalidatedwith a diagnostidield test,includingdiscussiorof potentialadjustments$o accountfor noncompositdridge
capacityandLoadFactorRatinginsteadof Load andResistancé&actorRating.

17. KeyWords 18. Distribution Statement

Bridge Load Ratings, Finite Element Modeling, Artifidigural No restrictions.

Networks, Reliability Calibration, Loatesting

19. Security Classification (of thiseport) 20. Security Classification(of 21. No. ofPages | 22.Price

Unclassified this page) 316 N/A
Unclassified

Form DOT F 1700.7(8-72) Reproduction of completed pagethorized




DISCLAIMER

The contents of this report reflect the views of the authors, who are responsible for thedacts
the accuracyof the information presentecherein. The contentsdo not necessarilyreflect the
official viewsor policiesneitherof theNebraskdepartmenbf TransportationsortheUniversity

of Nebraskalincoln. This reportdoesnot constitutea standardspecificationor regulation.Trade

or ma n u f a cnmes,whicls rday appearin this report, are cited only becausethey are
considered essential to thbjectives of theeport.

The United States(U.S.) governmentand the State of Nebraskado not endorseproductsor
manufacturers. This material is based upon work supported by the Fddigialvay
Administration under SPR(19) (MO088). Any opinions, findgs and conclusionsor
recommendations expressed in this publication are those of the author(s) andneécesstaly
reflect the views of the Federal Highwayd mi ni strati on. 0O

ACKNOWLEDGEMENTS

Theauthorsof this projectwould like to thankthe membes of the TechnicalAdvisory Committee
andthe Bridge ManagemenSectionat the NebraskaDepartmentf Transportatiorior all of their
help with attaining bridge information, performingload tests,and providing feedbackthrough
progress meetings. The authevould also like to thank Mr. Khalilullah Sultani, Ms. Xinyin,
and Mr. Juan Pablo Perez Garfias their contributions to thigroject.



TABLE OF CONTENTS

TABLE OF CONTENTS . ...ttt eee et e e e e e e e s smnseaeeeeeeeeeeeaaeeaaaeeesammmeeaaeaeeens iv
LIST OF TABLES . ..ottt rmmne e e e e e e e aeee s e anseneees Xi
L INErOAUCTION. ...ttt ettt ettt e e e e e e e e e e e e e s smmteeeeaeaeeeeaeeaeanaannns 13
2 LITErAtUIEREVIEW......ccieieeeiiiiiiti s ettt s e e e e e e e e e e eeeea s s s s e e e e e e e e e e eeeeeeesesbnnneeeeeeeeeeensnnes 18
R @] o] [=Tex 1)V /=Ir= T Te S oo o1 TSP 41
3.1 RESEAICIDDJECTIVE. ... et 41

3.2 RESEAICIBCOPE. .. .uueeiiei it 41

v o aTo o =T = o] o 18] =1 i o] 1SS 44
4.1Background and PreVIOWFOIK ............uiiiie e eeee e 44
4.2Bridge PopulatiomMModifiCatioNS.............oooiiiiiiiiiieees e 48
4.3Bridge ParametriData.............uuiiiiiiiii e cceeiiicie e eaeeer s 48

5 Finite EIemMentOdeliNg..........uuuuuiiiiiiiie e ecreer e 54
I I A NN R 2571, o o 1= 1T Vo SRR 54
5.1.1Background and Previous Modelifgamework..............ccccvvviiriiieennns 54
5.1.2Previols ANSYS Modeling an®PostProcessing........ccceeeeeeeeeeeeeevieeeennn. 55
5.1.3Current Study Modeling and PeBtocessingViodifications.................... 56
5.1.4ANSYS ANN Training and TestinBata...............cccoevvvviiiieeeec e, 58

6 Artificial NeUral NETWOIKS............uuiiiie e eeee e e e 70
6.1Background and PreVIOWFOrK ............oevuiviiiiiiii i 70

6.2 Artificial Neural Network Training and Testifgata............cccccveeeeiiiiiiccceeeeeeenn. 71

6.3 Artificial Neural NetworkOptimization................cooovvviiiiieeee e 77

6.4 Effect Of SAMPIESIZE........ooeiiiiiiiii e 81

6.5 Contributions of GOVErNiNBarameters..............ovvvuuuuiiiicceeeeeeeeee e eeeern s 83
7 Reliability CaliDration...........ooooiiiiiiiiiiieeei e erer e e e e e e e e e e e e e e s s smmraaeaeeeas 86
7485 1 1 0T [0 Tox 1 o o 86

7.2 Reliability Determiration and CalibratioMethodology.............ccoovveiiiiiiiiiiccceennn. 86
7.2.1AASHTO LRFR Strength | CalibratioRormat.........cccccccceeviiiiiiicacnnnn. 88

722Det ermi ni ng b wi t hFiessledethda.d.i..f..i...eql

7.23Det er mi n iMante CérloSimulation...............c.eeeeeviviiiiiieciinnnee. 94

7.2.4 Study Population BaseliReliability .............cooevieiiiiiiiiciieeeeeeiin, 95

7.3Live Load Statistical Parameters Including Additional ANNcertainty............. 100

7.4 Partial Safet FactorRecalibrations............covvvvviiiiiiieeee e 103

7.4.1Calibration based on Modified RackwiEzessleMethod...................... 103

Rackw



7.4.2Calibration based on Monte Caamulation.............ccceevvvvvviiiieeneeeenn. 105
7.5Relialility CalibrationRESUILS...........cooviviiiiiiiime e 106
B Field TeStiNg CasBLUAY..........uuuiiiiiiiiie ettt e e e e e e e e e eneea s s s e e e e e e e e e e e eeeeeeseennnneeeees 112
S0 I [ o o 18 o 1o o WA USSP 112
8.2AASHTO LOAARALING.......ceeeiiiiiiiiiiiiiiisimmeeeeeriiei e e e e e e e erenaan e e e e e e e e e eeaees 120
8.3ANN Load RatingPrediCtion.............ccooiiiiiiiiiiieeee e 133
8.4Load Rating by DetaileBANalySiS..........ccoooieiiiiiiiiiiiiieeei e 136
8.4.1CSiBridge Modeling and RatingacCtor...............ccceeeeiiieeeeceeeciceee e 136
8.4.2Load Rating USINANSYS........ccoiiiiii e 136
8.4.3CSiBridge Modeling and RatingacCtor...............cceeeeiiiieeeceecccceee e 138

8.5 Diagnostic Field TeStNGIaNS...........ccc.uviiiiiiiiii e 140
8.5.1Instrumentation and Test Procedure for Test.............cccoeccvvviennnennns 140
8.5.2Instrumentation and Test Procedure for TBst...........cccoeiciivvieennnnnns 146

8.6 Diagnostic Field Testing DafroCESSING..........uvuruuiiiiieeeeceemiiicieae e e e e e eeeeeen 151
8.6.1Unintended COMPOSIHRCTION. ........cceeeeiiiiiiiiiiiiiimeee e 151
8.6.2Pog-Processing for Positive Flexure Logffects...................ovvvvvnnneee. 154
8.6.3Repeatability Of LOBTESIS ......uuuiiiiiiiiiiiiiiiieeceeeeeeeeeeee e 157

8.7 Diagnostic Field Testing LoaBating..............coovvvivvuuiiiireeeeeeeiiiiee e 158
8.8 Summary andReCoOMMENUALIONS.........cuiiiiiiiiiieiie i enee e 165
8.9 0therCoONSIAEIALIONS. ... ..uuuuiiiiiiiiiiieiii ettt e e et e e e e e e e e e s s e e e e e e e e e e e e e e e s e s e e aannes 167
8.9.1Dynamic LoadAMPlifiCatiON .........ueeeiiiiiiiiiieiie i 167
8.9.2AASHTO LFR Rating with ANNGDFS...........cccootiiiiiiiieeee e 169
8.9.3Material Strength NDOT Polichmplications...............ceevvviiiiiiiieennnnnnn. 175
8.9.4Rating to Minimize SteeYielding .........ccccoeveeiiiiiiiiiiieeeee e, 176
8.9.5Composite Interface Mechanism a@dpacity..............cccccuvvvviiiiieennnne 180

9 ProposedmplemMEntatiON. ..........ouui it 187
. L OVEIVIBW. .ttt ettt ettt e e e e e e e e e e s ammteeeaeeaeeeeaaeeeeesaannmnneeeeeeeaaannns 187
9.2USEIAPPHCALION. ...ttt et e e e e e e e e e e e e 193
9.3Ranges ORAPPHCADIlILY ........ccooiiiiiie e 194
9.4Moment ANN CalCUlatiONS...........uuuuuiiiiieie e eerrr e e e e 196
9.4.1CalcuBtion StEML:.........evuriiiiiiiee e 196
9.4.2CalCUlatION STERA.......uuuuriiiiiiiiiiiiii e eeeeee ettt 196
9.4.3Calculation SteD:.......cccooeiii i 197
9.4.4CaAlICUIAtION STERC.....uuuuirriiiiiiiiiiiie e eeee ettt 198
9.4.5Calculation StERd:........ouuuiii e —————— 200
9.4.6CalCulation SteB:.....ccoiiiii ittt 200
9.5Shear ANNCAICUIALIONS. ... ... 201
9.6 Moment ANN SCatter PlOtS..........uuuuuuiiiiie s e e e e e s eeeer e e e e e e e e e eees 203
9.7 Shear ANN SCAtEPIOLS ... ... ieeee e e e eeeeeeeeeees 208
10 Summary, Conclusions, aftecommendations............ccovvvviiveeiimeereeee e 213
0 Y o] 1= T Lo =SSP 219

11.1EXteNded LiteratuB REVIEW. .. ..o e et e e e e e e e e e remae e e e aenaanns 219



11.1.1Studies of Bridge Analysis and LO&HRING...............ccccvvvviiriimennnnnnnns 219
11.1.2Studies of Neural Networks Bngineering..........cccceevvvvvvvvvivieeneeeeenne. 234
11.1.3Studies of Static and Dynamic Lo&dsting...............cccccuvvvvviimemnnnnns 243
11.2Rating Factor ModificatiofEqQUALtIONS.............ccevvviviiiiiiimreeeeeiire e e 259
LL.3ANN DAl8...cciiiiiiiiiiiiic it ee e e s enanss et e e e e e e eaeeeeeeemnmreeeeeaeens 260
11.3.1Moment ANN Training and TestinQata.............ccccceeeeeeeervieeeeceeeen. 260
11.3.2Shear ANN Training and Testim@ata................ccccvvvveivieemniiiiiinnee. 267
11.3.3Moment ANN OptimizatiorData................uuvvueiiiiiccmeeieiicinee e 274
11.3.4Shear ANN OptimzatioData..............cooviiiiiiimiimree e 286
I = 11T = T (0 298
11.5L0ad TeSDOCUMENTALION . .......cceeeeiriiiiiiii e eeeeeieeiaa e e e e e e ereesnna e e eas 306

L2 REIBIEINCES. ... e e e et 309



LIST OF FIGURES

Figure 1. Flowchart of General RatiRgocedure.................uvuiiiiiiiccceeniiiiiiinee e 20
Figure 2. Nebraska Bridge Ultimate Load Test: (a) Cross sectionpéo)ng

(@] o1 i{e 0T (o 1S 25
Figure 3. Nebraska Bridge FE Model Comparison with Load Test Resultstef@)r
Girder Deflection; (b) GirdeDeflection Profile aMidspan.............ccccevvvvvviivieenneeenn. 25
Figure 4. Probability Distribution Functions (PDF) of Load, Resistance$afaty
RESEIVE. ...t e e e e e e ennns 29
Figure 5. Reliability Indices for Contemporary AASHTO; Simple Span Moiment
NONCOMPOSItE STEEBINAEIS.......ceeeeeeeeieiiii e e eerrnr e e e e e e e e aeaees 30
Figure 6. Reliability Indices for Contemporary AASHTO; Simple Span Moiment
COMPOSItE StEEBIFAEIS. ... ...ciiiiieeeeieiii et eeerna e e s e e e e e eeaaeeeees 30
Figure 7 Reliability Indices for Contemporary AASHTO; Simple Span Moment
Reinforced CoNCret€-BeamsS...........uuuiiiiiiiiiiii e 31
Figure 8. Reliability Indices for Contemporary AASHTO; Simple Span Moiment
Prestressed CONCIEBBIAEIS.........uuiiiiiiiieeee it rene e 31
Figure 9. Lewis County Bridge Load Test StrBifa.................uvvveviiiiieeeiiiiiiiiiieeee 36
Figure 10. Hardin County Bridge Load Test Stlaata....................eevviiiicmeeeennnnnnnns 37
Figurell. Sioux County Bridge Plan View of Strain Transdl@eations................. 39
Figure 12. Sioux County Bridge Transverse LBagition...................ccccciivcmeeennnns 39
Figure 13. Sioux County Bridge Strain Comparison of GBOB8...............ccceeeeeerrct 40
Figure 14. Bridge CO07805310P TransveVBRaSUIremMEeNtS..........ccoovvvvvvevivvinnneeeennnn 45
Figure 15. Bridge CO07805310P GirdeasurementsS..........ccoovvevieiiiieeneeeeeenennnnne 45
Figure 16. Bridge CO07805310P LongitudiNBasSuremerst............ccccccvvvveeeeeeeieeennn. 46
Figure 17. Bridge CO07805310P DaMdRASUrEMENTS..........uuuuurriirrreieeieaaiiennnneeeeeeees 47
Figure 18. Histogram of Briddeengths...........ueviiiiiiiiiiiiiieeeiee e 49
Figure 19. Histogram of Gird&pacingS..........cccoeeeeiiiiiiiiiieeeee e 49
Figure 20. Histogram of Longitudin8kiffneSSes............ooooviiiiiiieenn 50
Figure 21. Histogram of NumbersGfrders...............eeiiiiiiiiiecccieeee e 50
Figure 22. Histogram Of BridgBKEWS...........cviiiiiiiiiiiiiieeeiieeeeeeeeee e 51
Figure 23. Histgram of DecKThiCKNeSSES...........ccoovvviiiiiiiiieeeeeeeee e 51
Figure 24. Histogram of Concrete Compressengths...........ccccvvvviiviiiieeciiiinnnee. 52
Figure 25. Histogram of Steel Yie®trengths..........cccoooooiiiiiiiiicee e 52
Figure 26. Histogram of Brgk Barrier Inner EdgBistances..............cccccvvvviiieennnnnee 53
Figure 27. Histogram of Presence of Diaphragms or GRi@BBES...............ccevvvvernnnnn 53
Figure 28. ANSYIMOCEL.......coooiiiiii e e e e 55
Figure 29. Length vs. FEMBased MOmMBtGDF ............ccooiiiiiiiiiiieer e, 60
Figure 30. Girder Spawg vs. FEMBased MomenBDF..............ooooiiiiiiiiinnnnes 60
Figure 31. Longitudinal Stiffness vs. FEBaAsed MomenBDF..............ccoceevvevveiiienn. 61
Figure 32. Edge Distance vs FEB&SedMOmMentGDF...............ccccvvieciiiicemnniiiieeeenn 61
Figure 33. Length vs. FEMBased ShedBDF..............ccoooiieiiiiiiicciiin e 62
Figure 34. Girder Spacing vs. FEBhsed ShedBDF..............cccccoiiiiiiieeciiiieiiiieee. 62
Figure 35. Longitudinal Stiffness vs. FERBsed SBarGDF...............cccccoeeieiviieeeenes 63
Figure 36. Edge Distance vs FEB&sed ShedBDF.............cccccooiimiiiiccenne e 63
Figure 37. Histogram of Moment GDF RafmASHTO/FEM).........ccovvviiiiiiiiiiiiieaes 64
Figure 38. Histogram of Shear GDF RABASHTO/FEM)........cccovviimiiiiiiiinicennnee 64



viii

Figure 39. Moment to Shear Operating Rating FaRHEIIO................ccevvvviririieenenennn) 65
Figure 40. Artificial Neural Network Architecture with Two Hidden Layers afulitput

Figure 41. Moment GDFs vs. Governing Parameters for 130 Bridges in [3etign.74
Figure 42. Moment GDFs vs. Governing Parameters for 90 Bridges in [Batign...76
Figure 43. Moment 16-5-1 BR Be$ Network based on MSE of Combined Tests&j

PP 79..
Figure 44. 130 Bridge Design Set Moment ANN OptimizationBayesian

[T o [ F= 2= 1o o SRS 80
Figure 45. 130 Bridge Design Set Moment ANN OptimizatiorLéwenbergMarquardt
.............................................................................................................................. 81.

Figure 46. Lowest Mean Absolute Testing Error for Moment ANNSs vs. Desigbi&et

e R e o o edagR oo™
EI gs?er f\?ept)ﬁoé aﬂd d)ej F/E)nte %aggnulatiolfl}s ......... ( ) ........................................ 96

Figure 49. Operating Level F ERslckv@thFessler b r e s
Method and (b) Monte &1lo SIMUIAtioNS...............oovvuiiiiiiiiee e 97
Figure 50. Inventory Level F E MRadwitme nt b r e
Fiessler Method ah(b) Monte Carl@imulatons ..., a8
Figue 51. I nventory Level FEM Ré&clnaFiesslerr esul t
Method and (b) Monte CarBimulations..................uuuuiiiiiicceeeeeree e 99

Figure 52. Comparen between Assumed and ANDpdated Live Loadistributions101
Figure 53. Calibrated Moment Partial Safety Factor based on a Unifarget
Reliability for (a) ModifiedRackwitz-Fiessler Metho@nd (b) Monte Carlo Sampliig8
Figure 54. Calibrated Shear Partial Safety Factor based on a Uniform Raligétlity
for (a) Modified RackwitzFiessler Method an¢b) Monte CarldSampling
Figure 55. Calibrated Moment Partial Safety Factor based on FEM Reliabilfg) for
Modified RackwitzFiessler Method and (b) Monte CaB8ampling
Figure 56. Calibrated Shear Partial Safety Factor based on FEM Reliabi(dy for

Modified RackwitzFiessler Method and (b) Monte CaB8ampling......................... 111
Figure 57. YULtB BrIAQe........cooo oot e 112
Figure 58. Proposadethodology............uuuiiiiiiiiiiiiieeeiiiieieeeeeeeee e 113
Figure 59. Excerpt from Yutan Bridge October 2017 Load Rating Sunfamamst....115
Figure 60. Excerpt from YutanriBige July 2019 Load Raigy Summarnsheet.......... 116
Figure 61. Yutan Bridge Documentation, Page 3.0f.............ccccoiiiiieeen e, 117
Figure 62. Yutan Bridge Documentation, Page 3.0f...........cccccoviiiiiiccce e 118
Figure 63. Yutan Bridge Docuemtation, Page 3 @& ..........coeeeviiiiiiiiiiccce e 119
Figure 64. ANSYS Longitudinal Stress Contour for the Yutan Br{@gg................ 138
Figure 65. CSiBridge Longitudinaki®@ss Contour for the Yutan Bige(ksi) ............. 139
Figure 66. BDI Strain Transducer Dimension$nohes..............coovvviiiiicceene e, 142
Figure 67. Instrumentation near Midspan for Yutan Bridge LoadITest................ 142
Figure 68. Platview of Sensor Layout foYutan Bridge Load Tedt....................... 143
Figure 69. Cros$Section View of Sensor Layout (looking north) for Yutan Bridgad

Testl

Figure70. Load Test Plan foran Bridge Load Tedt..........ccccooeiiiiieii i 145



Figure 71.
Figure 72.
Figure 73.

Load Test Vehicle Axle Dimensions for Yutan Bridge LoadTTest.......146
Plan View of Sensor Layout futan Bridge Loadlest2
Crossection View of Sensor Layout (looking north) for Yutan Bridgad

=2 TSP UPPPPTTRT 148
Figure 74. Load Test Plan for ¥an Bridge Load Té2 .............ooovvvviviviiiicmeeennnnns 149
Figure 75. Example Noncomposite Strideasurements...............ccccecvvvimennnienne 152
Figure 76. Example Composite StraleasurementsS..........ccceeeeevvevvvvieenneeeeeeeeeeee, 152
Figure 77. Theoreticalnal Measured ENAOCALIONS.............uuueeiiiiiiiesieeeiiiienennn 153
Figure 78. General Partial Composite StiRInfile...............cccoeeeiiiiiiiceee, 155
Figure 79. MomenFraction GDF Comparison between Tests 1 and 2 foCtitieal

Interior Girder LOAadPatN ............uuuiiiiiiiiiiiii et 158
Figure 80. Critical Shedroading............ccuvvuiiiiiiiiiieeeeeiiiiiir e 181
Figure 81. Shear Diagra(RipPsS).........uceeeeiiiieeeeeiiiiieeeii s eeee e eeee e e e e e e eeeeaeeees 181
Figure 82. Puddle Weld Dimensions (from AISC Design Gaie...............c...ee.... 183
Figure 83. Proposadethodology........ccooeeeieiiiiiiiiiiieeee e 192
Figure 84. Moment GDFS VEENGtN.........coooiiiiiiieeee e 203
Figure 85. Moment GBs vs. GIrdefSpacing.........cccovvvvvveiiiviiiimmmreeeeeeeeeevennne e 203
Figure &. Moment GDFs vs. Longithinal StiffNness..........coiiiiiiiieeee, 204
Figure 87. Moment GDFs vs. Cross FraBTeSENCe...........cccovvvvvvviivvieemeeeeeeeeeeenenns 204
Figure 88. Moment GDFs vs.uber ofGirders..............ooociiiiiiiiieemniiiiiiieeeeeee 205
Figure 89. Monent GDFS VSSKEW...........covuuiiiiiiiiiiimmreeeees e emenaa s 205
Figure 90. Moment GDFsS vS. EABESIANCE.......cooviviiiiiiiiiii e 206
Figure 91. Moment GDFs vs. DeTkickness........ccooeviviiiiiiiiiiiieeei e 206
Figure 92. Moment GDFs vs. Concrete CompresSivength............ccccccvvviiiiiienee. 207
Figure 93. Moment GDFs vs. Steel Yi&thength..........cccooooiiiiiicce s 207
Figure 94. Shear GDFS MSENGtN.........uuuiiiiiiiiiiiii e 208
Figure 95. Shear GDFS VS. GIFdBDACING..........uveiiiiiiiiiiiiie et 208
Figure 96. Shear GDFs vs. Longitudir&tiffness.............ccoovvvviicee e 209
Figure 97. Shear GDFs vS. CroSS FraESENCE...........uuvuiriiiiiiiiiieeeeeineeeeeeeeaeeeens 209
Figure 98. Shear GDFs vs. NUMDEIGHUENS...........ouvuiiiiiiiiiieciceceicceeee e, 210
Figure 99. ear GDFS VSSKEW..........cuuiiiiiiiiiiiii e 210
Figure 100. Shear GDFS vS. EAQIStaNCe.............ccovvvivuiiiiimeeeeeeeiiiie e 211
Figure 101. 8ear GDFs vS. DeCKhICKNESS......ccovviiiiiieiiiiii e 211
Figure 102. Shear GBFvs. Concrete Compressi8trength..............ccccceeeiiiiiiennnns 212
Figure 103. Shear GDFs vs. Steel YiSklength..............cccooiiiiiiieenee 212

Figure 104.

Bkavioral Stages: (a) Nebraska Laboratory Test (b) Tennessed &séld

................................................................................................................................ 219..
Figure 105. Preferred Method Used for Load RatingRo&ting................cccevvvnnnn.. 220
Figure 106. Moment (a) and Shear (b) GDFs based on Girder Spacing fraandae
(@11 Z= W 220 5 ) USSP 222
Figure 107. Beta Factors Using Monte Carlo Analysis for Bridigtabase.............. 224
Figure 108. Reliability vs. Spdrength...........ooiiiiiiiiii e, 224
Figure 109. LRFD Implementation asAypril of 2004..............coooviiiiiiiiiennee s 227

Figure 110. Strain and Resulting GDFs Derifrean Strain for Two Lanéoading ..229
Figure 111. Network Architecture for Moment (a) and Shear (b) from Hasaarwtbi

Dumlupinar(2013)

Figure 112. @tailed Description of Genetric Properties Sought After @hio.......... 239



1
Figure 113. Critical column buckling stress by experiments and network predfobions

Mukherjee et @l{1996) .........ooeeiiiiiiiiiiiie e ereer e 242
Figure 114. Strain Measurements at GirdefagtMMaximum Truckevents................ 244
Figure 115. Recommended Strain Gauge Locations for (A) Interior GirdéBand
Exterior Grder with Symmetri€roSSSectionS...........ccoovvvvviiiiiiiiieee e 245
Figure 116. Comparison of RFs for Damage in Girders from Bell @Gl3)............ 246
Figure 117. Ida County Bridge Plan View of Strain Transduoeations................. 247
Figure 118. Vernon Avenue Bridge Rag Factors: (a) Inventory and (b) Operatirgm
Sanayei €t Al2012) ......ovuireiiiiieie e a e —————— 249
Figure 119. Diagram of Weathersfield Brel@Gaugd.ocations..................eeeeeereeenne. 251
Figure 120. Boone County Bridge #11 InstrumentaBtam....................ccceevvveeeennn. 253

Figure 121. Elevation View of the Bridge, Major Crack Pattern, and Stransducer
[0 Y= 110 1 S PPUPSPSP 255



LIST OF TABLES

Table 1. Ten Most Numerous Structure Types and Bmating............ccceeeeeeiieeeeeeans 21
Table 2. Governing Parameters and their EffedR®8BgeS............coeeevvvvvviiiieenneeeenn. 27
Table 3. Probability of &lure and ..............eeiiiiiiii e 29
Table 4. Statistics for Safety INAEOMPULALIONS.............uvviiiiiiiiiiieeeiiiiieeeeeeeeeee e 35
Table 5. Load RatiNBESUILS.........ccooiiiiiii e eeeee e eeeeeeeeeee e 38
Table 6.Sioux County Bridge Critical RAtiMACIOrS..........oviviiiiiiiiiiiiiieeeieeeeeeeee 40

Table 7. ANN Gover niRamgesP.ar.ame.t.e.r.s.0...Bf f ecti
Table 16. Nomenclature of Live Load, Live Load Partial Safety FactorfRaiiy

= (0 0] £ F PR 87
Table 17. Assumed StatiStid@Rrameters.............uuvuuuiiiiiiieceiiirre e eeeeen 91
Table 18. Yutan Bridge iBlerParameters.............cooovvvviiiiiieeme e 121
Table 19. Yutan Bridge DedRarameters..........cccuuvviiiiiiiiieeeiiiiiiiiiieeeee e e 122
Table 20. Yutan Bridge ANIRArameters............ooovvuvivvuiiiiiceeeeeeeeriiees e e e e eens 134
Table 21. Truck Runs for Yutan Bridge Load TESL............ooooiiiiiiiieeen e 146
:Faglg ég §[%h&gtﬁ)mYUtanBndgel‘oa..d.TESt...'a:gg
Table 24 Recanmended ValueSfor 1 000 ......eeecvvereeiiiereeieiiieeere e eeiiee e 159
Table 25. Diagnostic Load Test Rat@@tiONS.............uuuuiiiieiiiiiieeeiiiieieeeeeeeeeeeeeens 162
Table 26. Diagnostic Load Test Rating Optidrs Calculations..................eevvene.. 163
Table 27. Diagnostic Loatlest Rating Options RFr Calculations.......................... 163
Table 28. Yutan Bridge Rating FactoompariSon..................ouvvvvviiimerreeeeerinnnnnnnns 165

Table 29. Puddle Weld Spacing based on Assumed Parameters for adaehal....185
Table 30. Puddle Weld Spacing based on Assumed Parameters for 1.33 * LegbB6.oad

Table 31. Moment ANN Ranges$ Applicability ...............ueeeiiiiiiiiiineneee, 194
Table 32. Shear ANN RangesAplicability.........ccooeeeiiiiiiiccc s 195
Table 33. Moment ANN Weights tG'HiddenLayer..............ccoeevveevvieienecciee e, 197
Table 34. Moment ANN Biases oft HiddenLayer............cccoeeieveeeeveeeeeceee e 197
Table 35. Moment ANN Weights td%HiddenLayer...............ccceeeveveveeeeeeeeeenene 198
Table 36. Moment ANN Biases ofHiddenLayer............c.ccocveueeveeveeeceveeeneeneae, 198
Tabe 37. Moment ANN Weights to OULPLIBYET..........ccovviviiiiiiiiic 200
Table 38. Moment ANN Bias of OULPLIBYETr ...........oooiiiiiiiieeee e 200
Table 39. Shear ANN Weights t&'HliddenLayer.............cccovvvevveeiieeceinie e 201
Table 40. SheakNN Biases to T'HIiddenLayer...........cccveeeeveeeieveeeemeee e 201
Table 41. Shear ANN Weights t89HiddenLayer.............c.ccceveveueeveeeeeeceeeenne. 201
Table 42. Shear ANN Biases tf BliddenLayer............cccovvereveeveoeeeeeeeeeeeeenes 202
Table 43. Shear ANN Wghts to OutpuLayer............coeiiiiiiiiiiiiiceeiiee e 202
Table 44. Shear ANN Bias t6*®UtPULLAYET.............cceeveeeeerereeeeeeeeee e 202
Table 45. Differences between LRFR and LFR from Murd@0K9)...................... 223
Table 46. Comparison of Wheel Load Distribution Factors from TarhiniFesderick

(1992).... e te ettt — ittt taaaaa e e e am————aaaaaaaaaaaaaaaaaaaaas 233
Table 47. Comparison of Performance of the Proposed ApproacRantemporary

o = 1o 1o 3OO 235
Table 48. Description of Inputs from Hegazy e{(B898).............cccovvviiiiiiiieeeneeeens 240

Table 49. Ida County Bridge Critical RatiRCtOrS..........cooovvviiiiiiieeee e 248



Table 50. Effects of Diagnostic Test Results on Bridgstings.............cccccceeeeeienns 250
Table 51. Operating Rating Factors for Bridges in®sly..............ccoovvvvviiiiiieeen.n. 298
Table 52. Strain Gauge ID ahdcations for Yutan Load Te&t............ccccvvvviinnne 306

Table 53. Strain Gauge ID and Locations for Yutan Load Zest............ccccceeeennee 307



1 Introduction
1.1 Motivation

State governments are requiredidny to load rate all statewned structures artd
ensure the rating of local government structures (Hearn 2014). Load ratings esataish
loading limits for heavy truck traffic, and load posting is required to resiidge use whea
bridgeisdeemd i nsufficiently safe to suppaeubect!| egal
to concerns particular to rural Mi@imerica, where a significant portion toAnsportation
infrastructure was built ofystem from statand national highway networksyéin manycases
the bridges are aged and approaching or exceeding design lives. These same bndges are
desired to carry heavy husbandry vehicles or beopests.

The National Bridge Inventory (NBI 2019) reports th@¥%d.of all bridges in thE&nited
States, and 19% of bridges in Nebraska (98% of which are locally owned), are postedte limit
allowable load on the bridge. The NBI also reports the design loading for 89% of lmiddged
in Nebraska astiiangkthabown o -syeterEdcadions Qoepostingsd o f f
can require truck rerouting, which generates negative economic and environmental impacts. It
therefore desirable to reduce the number of load posted bridges in the éxv&ingry.

Load posting is generally removed byheir retrofitting to enhance the capacityaof
particular asset, or performing a more rigorous load rating evaluation with physicedbag
and/or refined analysis. Bridges can often carry apprecradher loads than those uded
design, becauseedign procedures typically use conservative analyticaleling
simplifications. More rigorous analysis can reveal the margin of reserve capacity degand
loads accommodated by realistic load distitouamong structural elements, but requimes

and expertise on the part of the load rating engineer. The costs of desigstialgng,



inspecting, and maintaining a retrofit must be compared to the costs of conducting a lmad test
refined analysis to determine the most efficient bridge managepprdach for each ass€his
study aims to provide a supplementary tool that will enaldadcrating engineer to quickind
easily estimate the likely benefit available from more rigoemaduations.
1.2 Load Ratings

Load ratings are used to assess tlagtarrying capacity of bridges, and are expressed
rating factors (RFs). The ratingtise ratio of the available capacity of the bridge (iatal
capacity reduced to account for permanent loads) to the required load effect producatithigy a
vehicle. The rating factor is exactly 1 when the available capacity equals the retgnrand,
more than 1 when the bridge has a higher capacity than the demand, and less thahd when
demand is higher than the available capacity. Typical load ratingfamped at twaating
levels: Inventory and Operating. Inventory capacity describes the lmwed of the safiead
capacity, which can be applied indefinitely, and corresponding to a reliability indes that
consistent with current design codes. The afyeg capacity describes the maximlaad
capacity that a structure can nominally safelthatand, corresponding to a loweliability
index than the one used in typical design today. Bridges with Operating RFs lesaithan 1
further assessed using Légzads, which are typically a suite of truck configurations @ard
vary by state. A bridg with a Legal RF less than 1 must be posted to warn and reetnict
vehicles from traversing tHwidge.

For girder bridges, engineers determine the RF for gadbr of the bridge iquestion,
and the girder with the lowest rating factor governs the load rating. Load eagieers
anal yze each component and connectiforece, subj ect

flexure, or shear) (AASHTO LRFD 20)13The general load rating equati shownm Egn. 1is



written as a function of nominal capacity (C), dead load (D), live load effect (LL)mgoaatt

factor (IM).

BOO [ g 00
1532 001 + '0QO Eqn.1
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AASHTO rating factors tend to be conservative because the derivation of tluatve
utilizes girder distribution factors (GDFs or DFs). GDFs are intentionally conserbataese
they are primarily intended to facilitate new design and emg#oytempirical equationthat
must reasonably represent a wide variety of bridge geometries. Furthermore, AASH#E O
neglects some bridge parameters and behavior such as addiiftmeds provided bparapets
and bridge rails, unintended compositednabr, and additional support restraint (r&ational
restraint at nominally simple supports). Since GDFs evaluate each girder as an wigment
approximated load demands, highapacities can often be found when evaluating the badge
a 3Dsystem.

An alternative way to attain a more accurate load rating is to perform diagoadtic
tests. The AASHTO Manual for Bridge Evaluation (2013) provides a procedwadjiisting
analyticload ratings based on diagnostic tests, and will be discussed ireC8apbadests
reveal live load effects induced in bridge elements by known load magnitudelsesments
acting on a bridge. One of the primary benefits of a load test is to capturtirakystem
response, thereby reducing biases introduced by AKBBEDFs.

Most bridge tests are nafestructive tests. Destructive tests are performeesgarch
labs or on decommissioned bridges in the field to understand how bridge structuresdstiea

load approaches the ultimate capacity. Diagnostic testsecparfbrmed at a reliably sdéad,



so that damage to the bridge is highly unlikely. Results of diagnostic tests can le used
calibrate a theoretical prediction of structural reseoio live loads. Diagnostic tests carstatic
or moving |l oad testsgoadepending on the engine

Alternatively, a proof test can be performed at a higher load level, by tesfirtpa
until a target load is reached or the bridge shows signistoésls. Since the lo@mcrementally
increases closer to the bridge capacity, damage into the structure is much more likeely than
diagnostic load test. For this reason, the testing team must b dpgttified andcarefully
calculate the appropriate fdoad before such a test cangegformed.

Finite element analysis (FEA) is a powerful tool that can be used to assessounate
load ratings. However, FEA takes a considerable amount of tichexauertise, as wedls
investment in analysis softwai® develop accurate models. Artificial neural netw@AMSNS)
present an appealing supplementary option to complement AASBTdPEA-based
computational load ratings. With the increasing accesgilmfiANNs in commerciatomputing
software, ANNs have cently been implemented to address an extensive rargengiex
problems in engineering. The primary benefit of using artificial neural networks iaftleat,
initial development and calibration, A can quickly provide reliable predictions émmplex
phenomena from readily available known parameter inputs. ANNs implemerstedcitural
engineering do not formulate predictions explicitly from mechanics or advatroetural
analysis. Instead, AN&Nformulate predictions implicitly by using relationshigetecteduring
training, mimicking the human heuristic thoughtcess.

Typical ANNs in engineering employ a muléiyered feedforward architectuiulti-
layer refers to layers of nodes in betwele input and output. All of the nodes from taeer

are connected to all of the nodes in the next layer by weighted connections. The anelghts



biases of the nodes are established and refined during the training of the ANN. Th& ANN
trained by comparing the desired prediction and the actual ANN pmedidtnedifference
between the ANN prediction and desired prediction is the error. As thetrsiNis, thesrror
backpropagates through the node connections and adjusts weights and Iitieveds/ &by
mitigate and minimize predictiogrrors.

In this projest, ANNs were trained to predict FE#ased 3D structural system lioad
effects. The signifiance of this project is that bridges that are load posted can be lodayrated
using the ANN predictions to determine whether the investment of more riganactsiral

analysis and/or field testing would be warranted to removeposiihg.



2 Literature Review

2.1 Scope ofReview

The literature review for this study focused on the followopics:

il
il
1
T
T

AASHTO load ratingspecifications

AASTHO desigrspecifications

Diagnostic field testing foboridges

Artificial neural network applications in civéingineering

Reliability analysis and calibration fetructures

This chapter contains a selected set of key references. Additional refenences

discussed in Appendikl.1.1.

2.2 Studies of Bridge Analysis and_oad Ratings

Armendariz, R.R. and Bowman, M.D., 2018, Bridge LoadRating

The Indiana Department of Transportation (INDOT) was posed with the problem

determining bridge load ratings for bridges that had incompleno plans at alllhe

researchers formulated a general load rating plan that can be used for any bridge, refjardless

how much information is known. The general procedure, showigure 1can besummarized

by performirg the following steps: 1) conduct a bridge characterization, 2) créatige

database from the previous step, 3) cohduteld survey and inspection, and 4) perfoinen

bridge load rating. INDOT provided the researchers with a list of bridges witlemg. Thdist

was made up of 53 bridges, 29 of which were bridges with soil coverprapesed

methodology for load tang the bridges was implemented for sevbralges.

The first bridge is a soil covered bridge made up of three corrugated metaBpiped

on the field inspections and conservative estimates for the three corrugated stpglegeck



AASHTO LRFR and LFR load ratings were calculated at inventory and operatinglestis)
which were all abové.

The second bridge, referredtoasthDoanés Cr e e k B-filleddtapaete wa s
bridge. The bridge has two symmetrical arches witleaip the middle that dividesncoming
traffic. A SAP2000 model was created to capture axial and bending effects of the Thielge.
model was creat by dividing the arches in portions. The portions of the amebes
approximated by straight frame elerhemembers. An interaction diagram was produbed
described the failure bounds of the bridge. Finally, the bridge was also load testeebowith
trucks with strain gauge instrumentation on one of the concrete arches. The model st load
rating factorsaligned closely, and showed that the bridge did not need pdstdg.

A third bridge, referred to as the Roaring Creek Bridge, was investigatedll.This
bridge did have plans, however the ofspandrel reinforced concrete bridge was lpasted
based on simple analyses performed by INDOT. This bridge was studied more closé¢hewith
goal of removing the load posting. This bridge was loadesith two truckand
instrumentation located at the face of the floor beams. A variety of static |tsades
performed to use recorded strains to determine elastic neutral axis locations and moBi2nts. A
FE model was made that used strain measurenfieom the test in ABAQUS. It was foutitht
the simplified load rating methods used by INDOT were coréiea, The measuremeritem
the load test were used to find an experimental load rating that was high enough tathemove

loadposting.



a) Conduct bridge characterization.

b) Create bridge database.

A

( \ /l Examine past and current \
1. Identify bridge that need to be load inspection reports.
rated. 2. Conduct a survey of comparable
2. Identify bridge span, material, and plans of similar bridge type.
form (bridge type). 3. [Examine current and past ASTM
3. Create a list of critical bridge and AASHO/AASHTO specs.
information discerned from 4. Create database with the
k previous steps. / information gathered from
K previous steps. j
A
d) Conduct bridge load rating. |« ¢) Conduct a field survey and inspection.

y

ﬁ Conduct simplified load rating \

analysis if:

*  Most or all the critical bridge
information is collected.

*  Bridge shows no sign of
significant distress or
deterioration.

Bridge has been carrying
unrestrictive traffic.

Used as an initial estimate for
load ratings, if applicable, when

\ partial information is incompletc/
/2. Conduct refined load rating \

b,

SRR e

Measure bridge geometric features.
Conduct thorough field inspection.
Corroborate the information
detailed in the inspection reports on
the condition of the bridge.

Create as-built bridge drawings.

ﬂ Conduct load testing if: \

A 4

analysis if:

+  Simplified load rating analysis
results in unsatisfactory load
ratings.

*  Higher level of evaluation is
required to capture the bridge
response, i.e., FEM models.

*  To possibly obtain higher load
\ ratings. /

Figurel. Flowchart of General RatirRyocedure

in-situ bridge behavior on a
K simplified load rating analysis. j

Most of the critical bridge
information remains unknown.
Presence of significant signs of
distress or deterioration is
exhibited.

There is reason to believe that the
bridge response if not being
properly captured by a structural
model.

Use to verify and adjust
predictions of an analytical
model.

Use of diagnostic test as per the
MBE 8.8 (2011) to account for




Hearn, G., NCHRP Synthesis 453, 2014, State Bridge Load Posting Processeb
Practices

This report gives a summary of the status of bridge load postings, load wahede
norttechnical load rating processésad posting signs, and fines associatéti awverweight
vehicle violations. According to the report, ten percent of bridges and culverts in tlzedJ.S.
load posted, 77% of load posted bridges and culverts have unknown design live isads or
designedor live loads less than or equal to H1Bd#®5% of load posted structures lanelges,
not culverts. The 10 most numerous structure types and the number of bridges postediis shown
Table 1 Many agencies have vehicles that exempt from load postings, includinghicleshat

are related to agriculture, construction, firefighting, forest products, materiateyand.

Table 1. Ten Most Numerous Structure Types and Baeting

% of
Item 43 Stmucture Type, Main Structures | Posted oo Load
Group

Posted
Steel Stringer’multi-beam or girder 101,454 22481 222 368
Concrete Culvert, includes frame culvert 20,624 2,038 23 i3
Prestressed Concrete Stringer'multi-beam or girder 34317 383 0.71 0.63
Steel Continuous Strnger’multi-beam or girder 47,005 2,710 5.8 44
Prestressed Concrete Box beam or girders—Multiple 40,686 710 1.7 12
Concrete Slab| 33,123 3,907 11.8 6.4
Conerete Continmous Slab 31.940 1,439 47 24
Concrete Continuous Culvert, includes frame culvert 27,795 215 0.77 0335
Concrete Tee beam 20,295 1,997 0.8 i3
Wood or Timber Strngermulti-beam or girder 18,180 0373 516 154

Condition ratings, load rating revaltions, load rating vehicles, load rating signd
installation, and excess weight fines are briefly summarized in the report. Thediepastes

ASR, LFR, and LRFR load rating methods and how they differ. The rejaarts that all othe



states sumyed use beam line analysis for load rating, but that 24 of the 43 do eafislgdis
methods for some load rating computations. Of those 24 agencies, 18 of them padfifatn
analysis to avoid load postings, 14 of them do it for complex bridges,>add g&ifor bothcases.
Of the states surveyed, only 19 states used load testsifgr patposes. Of the statmsveyed,
22 states set load postings based on operating rating capacities, 5 set load postitgs based
inventory rating capacities, and 1& $oad postings based on another rating. 4 statetHm.2
from AASHTO, to determine the safe posting load, where W is the gross weigtatioiga

vehicle and RF is the rating factor for the samleicle.

YYD b d 0w u 0ol oM o= (YYY  0.3) Eqn.2
0.7

Legal loads are established by the U.S. Code Title 23; however, states can ¢s&blish
own legal loads. Code 23 has legal load limits of 20,000 Ib. for single3@x@)0 |b. fotandem
axle, and 80,000 Ib. for gross vehicle weight. However, legal loads are higher thanrare or
of the legal loads recommended by Code 23 in 32 statesadkebuses the Code 23 singide
and tandem axle limits. However, Nebraska1195,000 I|b. as the gross vehigkight
maximum legal load instead of 80,000

According to the report, states can issue overweight permits for vehicles thatterceed
legd limit. Typically, overweight permits are issued for rdinisible weights adlonger
combination vehicles. Overweight permits can be issued for single trips or muiiple

The following gaps in knowledge and needs for further research were idehyities
author: effectiveness of decisions in load posting, effectivenessabfygcontrol of loadating

in load posting, effectiveness of implementation of load postings, effectiveness of loadhrating



load posting, hazard at wated structures, effectiveness of weight limit signs in restrictingfuse
structures, effectiverss of communication of weight restrictions, effectivenessaintenance
of weight limit signs, effectiveness of enforcement, picas of local governments ioad
posting, and transience of lopdsting.
2.3 Studies of Neural Networks inEngineering

Sofi, F, 2017, Structural SysterrBased Evaluation of Steel Girder HighwayBridges
and Atrtificial Neutral Network (ANN) Implementation fo r Bridge AssetManagement

Due to the conservative nature of AASHTO line girder rating methods, Sofi developed
methodologythat provides a load rating prediction based on finite element modeliAdNiNa
training. The bridge data in this study is madetifl bridges in Nebraska at@3
hypotheticallygenerated bridges. The scope of the data is limited to singlensplirgirder
composite bridges with a concrete deck. The hypothetically generated bridgeanderaly
made with the most economical edl W-shapes being used that satisfies AASHIESiIgn
requirements.

FEM was performed on ANSYS to obtain girder response tordate a moreealistic
live load effect that would be used to calculate a refined load rating. An Excel Basial
Application (VBA) was used in conjunction with the ANSYS capabilities to perfbem
analyses. This process modeling technique createsedelnents for the carete slabThe
girders were modeled as shell elements and the cross frames at supports werewtbdeled
Timoshenko beam elements. The bridges in this study were modeled to act composieig by
multipoint constraint (MPC) rigiddam elements. The modeling process used irstindky

matched with the results of a fidtale ultimate load test on a simply supported model baidge



the University of Nebraskhincoln (Kathol et al.199band The Elk River Bridge ultimalead
test perbrmed in Tennessee (Burdette and GoodpasRife).
The bridge tested at the University of Nebrakkecoln, referred to as thiéebraska
Bridge, was a steel girder composite bridge with a reinforced cereek that was designied
accordance with AASHTQFD (AASHTO 1992). The test was performed to investitfage
load-carrying capacity of the superstructure. Truck loads were applied withgmssbningods
in 12 locations to simulate two HE design tucks. The longitudinal spacing of the loadss
12ft. and 15 ft., instead of 14 ft . holaxl e spaci
|l ocations. The bridgeds geomFiguse2. and | oading
Loads were applied in increments of a8 trucks (&ip front axle and 32 kips aniddle
and back axle). The bridge experienced its first yield after an equivalent weight$20
trucks (648 kips). The exterior girders yielded after an equivalent weidgtldS-20 truckg864
kips). The test came to &md due to local punching shear failure in the concretethéer
equivalent weight of 16 H30 (1,152 kips) was applied. Girder deflection comparibethseen
the lab test documentation and the developedets are showin Fgure 3 Themaximum
interior girder deflection error was 8%, but the mean absolute percent difference v&i4%.
claims, AThe di s c rdefleciancuyve reselts forethe interiohgeadeat o a d
attributed to residual stresses in the sggafe girders and precomposite désatrinduced
stresses unaccounted for in the analytical model, which would cause an earlief onset

inelasticity in the girders than predicted by thelRB d e | . 0
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Figure 2. Nebraska Bridge Ultimate Load Test: (a)3Srsection; (b) Loadir@onfiguration
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Figure 3. Nebraska Bridge FE Model Comparison with Load Test Results: (a) IGieder

Deflection; (b) GirdeiDeflection Profile aMidspan

Discrepancies between the exterior girder deflections were atliboiia highestiffness

in the experimentaxterior girders due to the parapets not being modeled in ANB¥S.



difference in deflections became more pronounced at higher loads because maieadtthe
were distributed to the exterior girders as therior girders reached theirgdticlimit.

Once the FEM methodology was validated, the live load distribution of thieriges
was used to update load rating predictions and train the ANNs. 10 governingpanidgeters
were determined for ANN trainind he governing parameters and their effective raages
shown in Table 2 The ANNS in this study were trained to map the 10 governing inptiis to
inventory rating factor of an H30 truck.Single ANNs were optimized by eating ANNswith
single or two hidden layers; 0 nodes per hidden layer, and either BayeRiagularizatioror
Levenberg Marquardt training algorithms. The ANNs were made with 250 retraaratgpns
to ensure a low maeasquare error. 15% of the desggt was randomly selected for testiimg.
addition to the 15%, a reduced design set size was used to ensure additional bridgestcould
the efficacy of the ANN prediction. The ANNs with the best performance were fouray¢an
average absolute erroetiveen 6 an@%.

A shortcoming of a single network is that the error associated for one bridge figi be
even though the average error is low. To mitigate this error, Sofi produced conmetitteeks
that are made up ofiscommittee networks. Subcomméteetworks are multiple ANNs tie
same architecture. Combined with other subcommittees, the committee network should produce
a more robust prediction than a single network. The committee networks produced tsitibtly
predictions on average than thegie-bestnetwork. The committee networks asidglebest

network had a coefficieraf-correlation with the FEM data of 0.967 and 0.98Spectively.



Table 2. Governing Parameters and their Effedtange

Parameter

number Bridge parameter Effective range

| Span length (L) 20-89 (i (6.10-27.13 m)

2 Girder spacing (s) 32-99 in (813-2,515 mm)

3 Longitudinal stifthess (Kg) f;;}gjﬁf_?;}ggimq mm?)
4 Cross frames Present or absent

5 Number of girders (1) 4-11

6 Skew angle () 0-45°

7 Barrier distance (d.) (-) 8-34 1n (-203-864 mm)

8 Deck thickness (t.) 5-91n (127-225.6 mm)

9 Cone. compressive 2.5-4 ksi (17.24-27.58 MPa)

10

strength (f2')
Steel yield stress ( f;)

30-50 ksi (206.85-344.75 MPa)

The FEM load ratings produced ratingtiars that were on average 27% higihan

AASHTO. Due to the close agreement between the ANN predictions and the FEMdtiogs,

Sofi proposes a user application procedure that could be implemented agataies.

The first step of the proposed prdoee is to create a reliable ANN. Next, tieights

and biases should be copied into a spreadsheet where the ANN prediction calanhations

nonlinear transfer functions can be programmed. These calculations should be intendied to be

hidden sheets so ththhe user does not have to interact with them.sSpieadsheet shoutdompt

the user for the ten governing parameters, normalize the inputs, perform calculativassiad

functions, reverse the normalization, and produce a load rating predictiatly Rimeuser

should check the applicability ofdétprediction by ensuring that the governing paranaeter



within the design set scatterplot boundaries, otherwise, the ANN would be extragmstngl

its initial trainingscope.

2.4 Studies of Structural Reliability

Nowak, A.J., 1999, NCHRPReport 368, Calibration of LRFD Bridge DesignCode

The motivation for this research was to produce a bridge design code that isrbased
probabilistic design. LRFD was cyeladoedl o pro
bridgesi an attributeof LRFD that is not shared with the Allowable Stress Methdcbad
Factor Design. The probability o,fwhidhsshdwor e i s
in Eqn. 3 The reliabity index is the inverse standard normal distribution functiothef
probability of failure. The formula for the reliability index is a function of the nomeagastance
(Rn), the resistance bias factprg, the resistance coefficient oékation(Vr), the mearoad
( @), the standard deviation of loddg), and the parameter k which depends on the locafion

the design point. Typically, k is taken&s

VgL WAL WYL L sy ) )

T Eqn.3
(M p(1 T2+ 52

A visual representation of the probability failure is showRigure 4 The probabilityof

failure and its corresponding reliability index is showT able3.
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Figure 4. Probability Distribution Functions (PDF) of Load, Resistance, and Bafstyve

Table 3 Probability of Failure anf .

reliability reliability 5 (=1 - FPy) probability
index # of failure Py
0.0 0.500 0.500x 10+
0.5 0.691 0.309x10*°
1.0 0.841 0.159%10*°
1.5 0.9332 0.668x 101
2.0 0.9772 0.228x 10!
2.5 0.99379 0.621x10~?
3.0 0.998 65 0.135x10-?
3.5 0.999 767 0.233x10~°
4.0 0.999 968 3 0.317x10-4
4.5 0.999 996 60 0.340x10-*
5.0 0.999 999 713 0.287x10~¢
5.5 0.999 9999810 0.190x10~7
6.0 0.999 999999013 0.987x10-*
6.5 0.999 999999959 8 0.402x10-1°
7.0 0.999 999 999 998 72 0.128x10-1!
7.5 0.999 999 999 999 968 1 0.319x10~*?
80 0.999 999 999 399 999 389 0.611x10-18

The inconsistent reliability indices are illustratedrigure 5 Figure 6 Figure 7 and
Figure 8 It can be seen that by usirigetcontemporary code, reliability is not consistent

varying span lengths nor gindgpacings.
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The calibration procedure for LRFD is broken down into six stiegsribedelow.

1. Bridge Selection
Roughly 200 bridges were selected from various places in the United Btates.
emphasis was placed on contemporary and future trends instead of focuslithg on
bridges. Load effects and capacities waraluated.

2. Establishing the Statistical Data Base for Load and Resistan€arameters
Load data was gathered from surveys, measurements, andin«gition(\WIM)
data. Since there is little field data for dyma loads, a numerical proceduvas
created to simulate data. Aw the resistance parameters, material@mponent
tests wergerformed.

3. Development of Load and Resistancklodels
Cumulative Distribution Functions (CDF) were found for loads by ugiag\uailable
statistical data base. Live load models were creaitdsingle and multipladjacent
trucks on the bridge that account for multilane reduction factors forlwidiges.

4. Development of the Reliability AnalysisProcedure
Limit states were used to assess the probability of failure and realibility index,
based off of the Rackwitz and Fiesgdeocedure.

5. Selection of the Target Reliabilitylndex
A target reliability inde&, which corresponds to a target probability of failise,
selected.

6. Calculation of Load and Resistancé&actors
Based off of the targetliabilitys el ect ed in the pradi ous st

resi stance factors, «s proeeduee, actaagietceliabilagt e d . B a



at 3.5, and k being equal to 2, load and reliability factors were found. Théoddad
factor was found to b#.25 while the asphalt dead load tacivas 1.5. The liviwad
factor was found to be approximately 1.6, but a more conservative valuenwssl.7
proposed for the LRFDode.

Suggested research topics include creating a large and reliable WIM data lzseyacre
data base for bridge dynamic loads, further development of serviceability cpegf@a@ming
calibration on timber structures, performing calibration on substructures, creatingridges
component test data, creating load models for wind, equaaitte temperature and othkrad
combinations, and investigating how to incorporate bridge component deterioratitheinto
code.

Moses, F., 2001, NCHRP Report 454, Calibration of Load Factors for LRFRridge
Evaluation

The purpose of this report wasgmvide the rationale behind the live lofators
incorporated to the then proposed AASHTO Manual for Condition Evaluation ancdhdad
Resistance Factor Rating of Highway Bridges. More specifically, the neqesents
recommendations for legal loadirag andysis and permit loadings apastings.

The goal of this project was to select load and resistance factors that correspond to
uniform reliability index. The calibration process was similar to the NCHRP Repoft8ak
1999). First, limit statewere clecked. The standard limit state function, g, is a funadfon
random variables. The random variables that the limit state function dependsesistaace,

R, dead load effect, D, and live load effect, L. The limit state function is shown bekbgn.4.

00(YY,00,00) =YY 00 di=0 Egn.4



Next, the random variables in the limit state function are defined. After thagaridad
resistance data is gathered for the calibration process. At a minieach variable shoutve
a coefficient of wvariation (v&@OV)a,b | vehdactota ndde sac rb
which is the ratio of mean value to the nominal design value. Finally, a target reliabilitysindex
selected and the load arebistance factors can determined.

The report notes that the NCHRP Report 368 (Nowak 1999)raespecify whethewr
not siteto-site uncertainties are considered for load intensities. That report used the bhgtage
value from a database using dgs that correspond to an extreme loading situationverya
heavy truck volume and weight digtition. However, bridges with lower traffic volurme®
expected to have higher reliability indices. Another interpretation is that they did isitkitie
site variability. If siteto-site variations are included in the calibration effort and the bitdwe of
extreme loading intensity with respect to average site loading intensity were include¢dethen
target beta of 3.5 would be the average beta ofalbtiiges. Some bridges would héngher
and lower betas thahis.

This report claims that they adopted gitesite variabilities by modeling the livead
COV. Furthermore, they used sgpecific information such as traffic volume (ADTand
weight intensities when the data wasgailable.

The data from NCHRP Report 368 was used in this study to find equiwadigyht
parameters. However, due to the data being recorded for two weeks, heavy trucks atadiding
weight stations, and truck weights chamgover time, the researchers decided to consiter

to-site variability and load growth as random variables ingtogect.



In this research, an operating target beta of 2.5 was used instead of 3.5 for inVéetory.
reason this is the case is be@tlse 2.5 target beta reflects component failuresysiem
failure.

Based off of the statistical parameters shawTable 4 partial safety factorsere
determined from ranging livio-deadload ratios from 0.5 to 2. Thdégund that the requirdore
load factor ranged between 1.65 and 1.77 for a reliability index that correspameentory
levelrating. For operating level rating, the live load factor ranged between 1.28 and 1k#5 for
same liveto-deadload ratio rage. A conservative operating live load factor of M2&

recommended by thresearchers.

Table 4. Statistics for Safety Ind€omputations

Case Bias cov Distribution
DeadlLoad 1.04 8% Normal
Live Load 1.00 18% Lognormal
Resistance 1.12 10% Normal




2.5 Studies of LoadTesting

Peiris, A., Harik, 1., 2019, Bridge Load Testing Versus Bridge Loa&ating

Sensorma 0 s -10Q@Emagnetic strain gauge and BDI ST350 strain gauges
evaluated and compared to traditional-tgpe strain gauges. The two data acquissigstems
were used to instrument members that were also instrumented-bypBidjauges irensileand
flexural laboratory tests. It was found that both systems performed adequately exttept for
magnetic strain gauge system because they slipped at strains higher than 400 midiostrain.
magnetic strain gauge system was used to test a std&l girdge referred to as tHeewis
County Bridge and data was compared to that of foil gauges. The two systems hadtsaimlar
profiles, show in Figure 9that were interpreted as the bridge performiogcompositely.
However, lad rating benefits were found since the abutments behave more likeuUpsatts

than simplesupports.
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Figure 9. Lewis County Bridge Load Test StrBista



The Hardin County Bridge was tested using both foil gauges and BDlItsamsaucers.
This testrevealed that this bridge benefits largely due to partial composite behavior, illustrated
Figure 10 Although the bridge waserforming partially composite, the researchers asstima¢d
t he bridgeods b eduphyB33orsince theldted haol eot yselde lyet. hvslla

known that the degree partial composite behavior can decrease as elastic yiajuimgashed.
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Figure 10. Hardin County Bridge Load Test Stiaata

Both bridges showed significant loadrrying capacity benefits in the load tésbwever,
only the Hardin bridge had a load test rating factor that is above 1. The load rating fandings

summaized belowin Tableb.



Table 5. Load RatinResults

Bridge Governing Truck AASHTO Analytical Load Test
Type Rating Factor Rating Factor

KY 1068 — Lewis County EY Type 3 0.48 0.70

KY 220 — Hardin County KY Type 3 0.62 1.25

Hosterg, T., and Phares, B., 2013, Demonstration of Load Ratiri¢apabilities
Through Physical Load Testing: Sioux County Bridge Cas8tudy

Researchers performed load tests on alame, threespan, continuous stegirder
bridge built in 1939. Strain transders were placed at the top and bottom flangéscations
specified n Figure 11 All of the load tests were performed at crawl speed. Thelwoakons
are showrfigure 12 Two runs were p&rmed to verify the data. Distribution factavere
estimated by takig the ratio of girder strains to the girder strains experienced bythd of
girders. The researchers found distribution factors significantly lower tharAAEHTO
prescribes.

By using the strain data, the researchers developed-ditmwensional FEM tperform
LFR load rating analyses on AASHTO rating vehicles. The FEM software thasderchers
used is BDI WinGEN and WIinSAC was used to do structural analysis ancbdatation.
WiInSAC was used to perform analysis at incremental locations ofuitieltbad. Thealibration
procedure was done by modifying material properties and stiffnesses until an adequate level
agreement was reached. The calibrated model had a coefficmorr@ftion of 0.9762An
example of strain comparisons between tredydital model and the field strains is shown

Figurel3.



The operating load ratings for all of the analyses were found to be greaten¢éhan

despite he bridge being load posted. A summary of the bridge critical rating factors is shown

Table6.
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Table 6. Sioux County Bridge Critical RatiRgctors

Inventory Rating Operating Rating
Factor Factor

Twe One Two One
Bating Vehicle Location/Limiting Capacity Lane Lane Lane Lane
HS-20{14) Extenior, Center Span, (+) Flexure 0.51 0.80 1.02 1.33
HS-20{22) Exterior, Center Span. (+) Flaxure 0.72 0.95 1.21 1.59
HS-20(30) Exterior, Center Span, (+) Flexure 0.86 1.12 143 1.58
Tvpe 4 Exterior. Center Span. (+) Flexure 0.73 0.94 1.22 1.57
Tvpe 3534 Extenior, Center Span, (+) Flexure 0.75 1.00 1.26 1.66
Type 3-3 Exterior. Center Span. (+) Flexure 0.72 .96 1.20 1.60
Type 353B Extenior, Center Span, (+) Flexure 0.93 1.16 1.55 193
Type 453 Exterior, Center Span, (+) Flexure 0.80 1.01 1.34 1.68
Tvpe 3 Extenior, Center Span, (+) Flexure 0.81 1.04 1.35 1.74
Type 352B Exterior, Center Span, (+) Flexure 0.86 1.06 1.43 1.82
Tvpe 3524 Extenior, Center Span, (+) Flexure 0.79 1.05 1.32 1.75
Midspan and Endspan | Exterior, Center Span, (+) Flexure 0.92 1.18 1.53 1.59
Lane Load
Both Endspans Lane Extenior, Prer, (-} Flexure 1.95 261 3.25 436
Load
Midspan Lane Load Extennor, Center Span. (+) Flexure 1.33 1.77 22 5
Smgle Endspan Exterior, Fier, {-) Flexure 1.59 252 3.15 21
Lane Load




3 Objective andScope
3.1 ResearchObjective

The objective of this research project was to augment and extend exibstixgftat
predict the load rating of stegirder bridges. The ANN modificatiomsclude:

V replacing hypothetical bridge ANN training data with additieasting
Nebraska bridge thaing data,

V reconfiguring existing ANNSs to predict AASHTO truck live lodteetsrather
than load ratinggnd

V accounting for ANN uncertainty in the load ratimgedictions.

This research was performed with the goal of providing a tool that could be wsed as
supplement to existing tools available to load rating engineers atehraska Departmeoit
TransportatioffNDOT).

3.2 ResearchScope

This research aimed to address brglipefair or better condition, for which penalties
would be required to represent deterioration. Since ANNs were trained using theofesults
FEMs, thescope of the project is limited by the ranges of attributes representeddidties
selected for EM analyses. The bridges selected for training were simple spargisdeel
bridges in Nebraska. All bridges were assumed to be composite with coreriedeatitheutset
of the study, although discussions with state and county bridge engineers kesitugly
revealed that this assumption is not entirely valid. Additional discussion relatechposite
effectiveness is included with Chaptei 8ield Testing Cas&tudy.

Ten bridge parameters were used to predict live load distribution factorsAENgy

similarly to Sofi (2017). Sofi selected these parameters because they were belmved to



influential to live load distribution behavior and load mgtiIn order for ANN predictions tze
reliable, inputs should be similar to those used in training to avoid extrapolation.widNidls
trained using only data that excluded outliers (refer to tlapter discussing FinilEement
Modeling), with some bridgeidentified as outliers for moment but not shear, orwecsa.
Accordingly, ANNs used to estimate moment and shear rating factors have slifjbtgnt
ranges of application reflecting theazhcteristics of bridges comprising the respedtaiaing
bridge populations. Moment GDF ANN and shear GDF ANN ranges of applicabilgh@nen
belowin Table 7 It should be noted that these are ranges for each indiatttublte, buthat
users should always verify that theiputs are within the scatter of training data shown

Chapter6.



Table 7. ANN Gover niRangesPar ametersdé6 Effective

BridgeParameters Effective Rangdor Effective Rangdor
Moment GDFANNs Shear GDFANNs
Span LengthL) 20-81.6ft
Girder Spacings) 32-99 in 32-92.5in
Longitudinal StiffnesgKg) 11,900346,225n* 7,540.6415,400.16n*

CrossFrames Present oAbsent
Number of Girdergno) 4-11
Skew Angle(U) 0-45°
Barrier Distancéde) (-) 4.531.25in (-) 4.532in
Deck Thicknessts) 5-9in 5-8in
Concrete Compressive Strengto) 2.54 ksi
Steel Yield Stresy) 30-50 ksi

Lastly, reliability calibration was performed to augment the AASHTO LRFR paradigm

account for additional live load uncertainty introduced by ANNs. This studyliméedto

consider only the AASHTO LRFR Strength | limit state. The general methodologylmuld

implemented with other similar reliability frameworks or limit states. Neither AASHTOnd¥R

AASHTO LRFR Serviceability limit states were calibrated faeam@et relidility. Thedeveloped

FEA-based GDFs represent linear elastic structural behavior and are theorejrakbgntative

of Serviceability conditions, but it is not possible to rationally state a recommenidation

reliability-calibrated Servicdality GDFs,because Serviceability limit states fundamentaléy

not reliability-targeted. Extrapolation to LFR was considered, but only on an approkiasse



4 Bridge Population

4.1 Background and PreviousWork

Sofi 6s goal ( 2 0 1 7at covdaascuratety predicette ineentdgdd Ns t h
rating of a bridge based on 10 governing parameters that are representative of bridge behavior.
order to create ANNSs, the 10 governing parameters need target Vau&afi, everp r i dge 0 s
10 governing paameters use the inventory rating factor based on FEM load distrilastion
targets. Before ANN training, bridges needed to be identified and modeled to proafidec
rating factor. The previous work by Sofi, exding outliers that were not used in ANidining,
included 61 real bridges supplemented with 193 hypothetical bridges effidesttyned
according to current AASHTO LRFD hypoihdti@mar i a. So
bridges because retrieng bridge data from DOT recordsistiveo n s umi ng workand Sof i
focused on FEA and ANN development. Reasonable designs could by gefrerated
hypothetical combinations of governing parameters, allowing Sofi to devote the retjmisite
for foundationaFEA and ANN development and calibratiodDOT bridge documentatiaften
provides only measurement plans. This documentation can be illegible, unclearly organized,
can exclude critical informationidgures 14throughl7 show examje measurements/ailable

from NDOT for BridgeC007805310P.
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Figure 17. Bridge CM7805310P DeckMeasurements
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4.2 Bridge Population Modifications

The present study included the collection of additional real bridges, allboyraghetical
bridges to be excluded this study to avoid potential bias. 74 Nebraska bridge parasreters
madeaval abl e from Sofi ds pr el i miinreriewngbpdgd ot st ud)
measurement plans and design drawings for 100 additional bridges. The bridges frorided
NDOT all have load restrictions, are not fracture critical, and have decksstsuprresand
substructures that have a condition rating of 5 (Fair) or better. Most governing pasdeter
FEA modeling data were obtained from drawings showing fieldsoreanents taken afttére
bridgesd constructi on.preBeace afgcmnposite $hear dlodss , det ai
material properties were often undocumented. In such cases, AASHEGitton MBE
(AASHTO 2013) Tables 6A.5.2:1 and 6A.6.2.11 were ued to select assumetnimum
compressive strengths and steel yield strengthsectgply, based on year cbnstruction.
4.3 Bridge Parametric Data
The bridge acquisition task revealed characteristics about sipgtebridgem
Nebraska. 80% of the bridges were straight and 78% had an assumed comecpe&ssive
strength of 3 ksi. 78%f the bridges had between five and seven girders, with 7@fitdef
spacings between 3 ft and 6 ft, and 90% of the bridges span less than 60 ft. Histiogtrams
il lTustrate the study popul ati ol8te27d\mpendix ni ng p

11.1.3.1 includes all of the individual bridglearacteristics.
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Nebraska Bridges Longitudinal Stiffnesses
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